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“Power efficiency = compute power”
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* end of Dennard scaling

* slowdown of Moore’s law

* > HPC needs more and more
accelerators

— actually, Heterogeneous HPC
(H2PC)
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Reconfigurable Heterogeneous HPC (ReH?PC)

TECHNISCHE FAKULTAT Research | Zurich

Today’s HPC systems can be

classified into three classes:
1) HPC: only CPU servers

2) ReHPC Only FPGAS HPC systems ReHPC systems ReHZPC systems
3) ReH?PC: CPUs + FPGAs T

CPU nodes
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this research
(and this workshop)
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Programming Standards for Heterogeneous HPC

* MPI is the de-facto standard for HPC

* the presence of a standard interface ‘& s -
- - e
accelerates both: -8 & R
platform and app development PCsysems  PeHPCsysems  ReH?PG aystoms
* there is no similar established f A
MPI many attempts
standard for ReHPC or ReH?*PC ..but no

* since FPGAs barely come without standard et

CPUs, we tocus on ReH-PC
— Goal: bring MPI to ReH?PC

© 2020 IBM Corporation
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= Goal: bring MPI to ReH?PC = one source of code, no modifications

int msg[l1];

int next_node = (rank + 1) % size;

int previous_node = rank -1;

if(rank == 0) %
msg[0] = Oxcaffee;
MPI_Send(&msg[0], 1, MPI_INTEGER, 1, ©, MPI_COMM_WORLD);
MPI_Recv(&msg[0], 1, MPI_INTEGER, size-1, 0, MPI_COMM_WORLD, &status);

1t else 3
I — It’s about offloading both

H M . .
message ring example E/ '\ \ computing and communication
T’“ﬂ&» to FPGAS

ring A =
MNetwork Interconnect
| 7
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Why MPI for ReH?PC
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* Wwe can learn from proven concepts streams

widely established, thousands of applications
using HLS design flow:

partial

MPI C —p» HLS —» RTL —>» )
bitstream

 communication model is similar to how HDL or
HLS processes communicate

6 © 2020 IBM Corporation
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Why MPI for ReH?PC (2)

* MPI is based on the BSP model:
~ each node is single threaded (pure MPI, no OpenMP etc.)
~ computation and communication is clearly separated

streams

void MPI_Send(void* data, int count, MPI_Datatype datatype,
int destination, int tag, MPI_Comm communicator);

void MPI_Recv(void* data, int count, MPI_Datatype datatype,
int source, int tag, MPI_Comm communicator, MPI_Statusx status);

* the explicit MPI semantic can be easily turned to stream-like read and writes

© 2020 IBM Corporation
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Difficulties using MPI for ReH?PC

TECHNISCHE FAKULTAT Research | Zurich

1) “compute first, send later”
* does not fit parallel processing of FPGAs

streams

* - “compute while communicating”
2) Single Program, Multiple Data
* wastes FPGA logic

* — Multiple Program, Multiple Data

— MPI for ReH?PC requires:
1) we need a transpiler: C/MPI - HLS
2) we need the cluster run-time description at compile-time

8 © 2020 IBM Corporation
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Transpilation process

* cluster descriptionandMPI Casinput

analyze and replace collective routines
split SPMD into MPMD
~ Insert rank and size

~ constant folding
- evaluate partial AST (Abstract Syntax Tree)
for each rank

optimize collective routines

generate HLS code

"nodes" :
“Cpu

[OI :L:ll
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Transpilation of SPMD to MPMD

N
c
H
e
o
Ed

int rank, size;

MPL_Comm_xank{MPI_COMM_WORLD, &rank );
MPI_Comm_size(MPI_COMM_WORLD, &size );

"nodes": 3
"cpu" : [0O],
Ilfpgall : II:I- . 6II

int msg[1];
int next_node = (rank + 1) % siz
int previous_node = rank -1;

if(rank == }
msg[0] = Oxcaffee;
MPI_Send(&msg[0], 1, MPI_INTEGER,1, ©, MPI_COMM_WORLD); }
MPI_Recv(&msg[0], 1, MPI_INTEGER,size-1, 0, MPI_COMM_WORLD, &status);

t else ¢

MPI_Recv (&msg[0], 1, MPI_INTEGER,previous_node, 0, MPI_COMM_WORLD, &status);
MPI_Send(&msg[0], 1, MPI_INTEGER, next_node, O, MPI_COMM_WORLD);

10 © 2020 IBM Corporation
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Tree Optimizations

* In general: speed up computation by parallelization of communication

* ReH?PC: leverage lower network latency of FPGAs

to send

11

MPI_Scatter @

to send

0 (CPU)

1 (FPGA)
distributing
node

4 (CPU)

optimized
MPI_Scatter

2 (FPGA) 3 (FPGA)
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The ZRLMPI Framework

* Transpiler
HLS

MPI C
™ ZRLMPIcc

///,'

cluster.json

\\“~CPU C code

* HLS library + MPE:
The FPGA run-time environment

e ZRLMPIlib. so:
The CPU run-time environment

12

Memory other
(DDR/HBM) 110

cpu

"nodes":

FPGA
PR region

ROLE

MPI application with
ZRLMPI HLS library

data
streams

SHELL ZRLMPI
network setup  run-time
ebug & status env.

d
management ’ (MPE)
functionality

CPU

application

o)

ZRLMPIllib.so

user
code

ZRLMPI
protocol

Network Interconnect
(e.g. Ethernet, InfiniBand)
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ZRLMPIrun: One-click deployment
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partial bitstream id software binary
h;st IP + # of FPGAS \ softvvare;ank
$ ZRLMPIrun new udp 10.0.47.11 0ddb12b2-8459-4843-b339-236b2b92b59f 6 ./msg_ring_SW O
using udp
setting up cluster..
verify network..
start MPI..
. _ -
Heterogeneous MPI s

x

\ \
message ring example %’
mESEEﬁgE
ring Wk |rierc§nnecth_i }
\ /
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Evaluation: 2D stencil
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cloudFPGA platform:
* CPU:i7 CPU 960 @ 3.20GHz e Kintex KU60 @ 6.4ns
* simple 2D Jacobi iteration 64 FPGAs / 2U chassis

~ mostly communication bound
* resource usage for 1024x1024
on 8 nodes
~ 1-5% for MPI run-time env. (MPE)

Used
Total MPE
LUT 331680 113832 1940

Resource Available

LUTRAM 146880 11103 8
FF 663360 132553 1744 1058
BRAM 1080 609 3 320

14 Al © 2020 IBM Corporation
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Evaluation: 2D stencil

CPU only Cepr .
. (1 CPU, size-1 FPGAs)
Data size cluster - i
_ . . ms / avg. ms / avg.
* Poweronave rage (incl. memory & NIC). size iteration Watt iteration Watt
~ CPU node 127 W T256x256 4 167090 50848 44477 15421
X 256x256 " 213672 1018.08 84258  187.68
FPGA node 8.5 W TT024xI1024 8 4312006 101799 776387 8709
. 20— 1024x1024 . 3626191 203616 931171  253.23
"PGA speedup: 2.0 7 5.6 _I024x1024 32 4102151 407233 2099965 38799
* mostly communication bound: 256x236 (with 168655 1017.68  637.87  187.97

tree optim.)

~ halo regions synchronization
= “unoptimized” protocol
~ FPGA ~ FPGA

- .|:Or FPGAS ear“er thaﬂ for CPUS (distributing node) CPU (distributing node)
tree optimization (still communication bound): 4.
~ CPU only: speedup 1.27 due to parallelization .
~ ReH?PC: speedup 1.32 due to parallelization and

FPGAs are doing most of the communication FPGA  FPGA  FPGA  FPGA  FPGA

15 © 2020 IBM Corporation
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Future Work

16

node A

node B

initial philosophy: “functionality first,
optimized performance later”

SEND_REQUEST

CLEAR_TO_SEND

~ common programming model for
ReH2PC requires holistic approach

~ learn how to optimize on the way

example: latest execution time based on

Improved protocol

256x256 Ol.d new
8 nodes : : _ _ speedup
w/ tree-optimization ms/iteration ms/iteration

CPU only 1686.55 681.29 2.5

ReH?PC 637.87 34.41 18.6

node A node B

SEND_REQUEST

CLEAR_TO_SEND

|
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Summary: MPI for ReH?PC using Transpilation

FPGA CPU

* ZRLMPI as proof of concept

application

user
code

~ exhibit the potential of MPI as standard for ReH?PC MP! application with

ZRLMPI HLS library

ZRLMPIlib.so

- full stack solution

data

-~ ...but also full stack to optimize sreams
* Roughly: (early state) n;:gi:; =
Z/RLMPI on a large ReH?PC cluster: m?%?‘rg'i;t i
- Yatime (speedup 2.0 — 5.6)
~ 10% of the power (9% — 53%) (e, Ehernat. InfniBand)

* Future Work: Thank you...

>~ optimize tree structure _ _
% ngl@zurich.ibm.com

_ @ zurich.ibm.com/cci/cloudFPGA/
~ handle non-synthesizable code W @Oxcaffee

17 © 2020 IBM Corporation
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cloudFPGA: Further Reading

» B.Ringlein, F. Abel, A. Ditter, B. Weiss, C. Hagleitner and D. Fey, “ZRLMPI: A Unified Programming Model for
Reconfigurable Heterogeneous Computing Clusters” in 28th IEEE International Symposium On Field-Programmable
Custom Computing Machines (FCCM), 2020.

» B.Ringlein, F. Abel, A. Ditter, B. Weiss, C. Hagleitner and D. Fey, “ System architecture for network-attached FPGAs in
the cloud using partial reconfiguration,” in 29th International Conference on Field Programmable Logic and Applications
(FPL), 20109.

» F. Abel, J. Weerasinghe, C. Hagleitner, B. Weiss, S. Paredes, “An FPGA Platform for Hyperscalers,” in IEEE 25th Annual
Symposium on High-Performance Interconnects (HOTI), Santa Clara, CA, pp. 29-32, 2017.

» Weerasinghe, F. Abel, C. Hagleitner, A. Herkersdorf, “Disaggregated FPGAs: Network performance comparison against
bare-metal servers, virtual machines and Linux containers,” in IEEE International Conference on Cloud Computing
Technology and Science (CloudCom), Luxembourg, 2016.

» J. Weerasinghe, R. Polig, F. Abel, “Network-attached FPGAs for data center applications,” in IEEE International
Conference on Field-Programmable Technology (FPT ’16), Xian, China, 2016.

» J. Weerasinghe, F. Abel, C. Hagleitner, A. Herkersdorf, “Enabling FPGAs in hyperscale data centers,” in IEEE
International Conference on Cloud and Big Data Computing (CBDCom), Beijing, China, pp. 1078-1086, 2015.

» F. Abel, “How do you squeeze 1000 FPGAs into a DC rack?” online at LinkedIn

* The cloudFPGA project page at ZRL: https://www.zurich.ibm.com/cci/cloudFPGA/
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Transpilation of MPI_Scatter

Original

known due to known due to constant
cluster description propagation

MPI_Comm_size( MPI_COMM_WORLD, &size )

MPI_Scatter(&grid[0][0]} 1dim*DIM, MPI_INTEGER,|| &lgrid[start][0], 1dim*DIM, MPI_INTEGER,

o —>[®,] MPI_COMM_WORLD) ;
original start datatype

in case: rank == root rank Transpilation

I
for(int i = ©; ifSIZE;|i++) {
int chunk_size = 1dim*DIM;
*new_start = + i*chunk_size;
— o)
memcpy (&lgrid[start][0], new_start,
chunk_size * sizeof(int));

otherwise

y

MPI_Recv(&lgrid[start][0@], 1ldim*DIM,
MPI_INTEGER, ©, SCATTER_TAG,
MPI_COMM_WORLD,

continue;
}
MPI_Send(new_start, chunk_size, MPI_INTEGER,
i, SCATTER_TAG, MPI_COMM_WORLD);

MPI_STATUS_IGNORE);

21

to send

MPI_Scatter
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